Objectives: In this study, we evaluate the incidence of and analyse the pre and intraoperative risk factors for the development of postoperative renal dysfunction (PRD), and the impact of such an event on perioperative mortality and on hospital length of stay. In addition, we sought to investigate the influence of a mildly increased serum creatinine (1.3-2.0 mg/dl) on perioperative mortality and morbidity. Methods: The study included 2445 consecutive patients who had no pre-existing renal disease (creatinine # 2.0 mg/dl, without dialysis) and who underwent isolated coronary surgery under cardiopulmonary bypass between July 1996 and December 2001. The main outcome measure was PRD, defined as a postoperative serum creatinine level $2.1 mg/dl with a preoperative-to-postoperative increase $0.9 mg/dl. Univariate and multivariate analyses were performed where appropriate. Results: Global 30-day mortality was 0.7%. The incidence of PRD was 5.6% (136 patients). Mortality for patients who experienced PRD was 8.8 vs. 0.1% for patients who did not ðP , 0:001Þ: PRD increased the length of hospital stay by 3.4 days (7.6 vs. 11.0 days; P , 0:001), and patients who needed haemodialysis (11%) had a perioperative mortality of 33.3% and a mean hospital length of stay of 16 days. Multivariable logistic regression identified the following variables as independent predictors of PRD: age (P ¼ 0:017; odds ratio (OR) 1.3 per 10 years), angina class III/IV (P ¼ 0:003; OR 1.7); cardiopulmonary bypass time (P ¼ 0:007; OR 1.01 per minute); preoperative serum creatinine levels: group 1 (1.3 -1.6 mg/dl (P , 0:001; OR 5.5)) and group 2 (1.7-2.0 mg/dl (P , 0:001; OR 14.2)). Finally, a mild elevation of the preoperative creatinine level (1.3-2.0 mg/dl) increased significantly the probability of perioperative mortality, low cardiac output, haemodialysis and prolonged hospital stay. Conclusions: Although the likelihood of PRD in patients without pre-existing renal dysfunction is relatively low, it dramatically increases mortality, morbidity and length of stay after CABG. Mildly elevated (.1.2 mg/dl) preoperative serum creatinine level significantly increases the perioperative mortality and morbidity. q 2004 Published by Elsevier B.V.
Introduction
Acute changes in renal function after coronary bypass surgery are not well understood and incompletely characterised, and represent a challenging clinical problem. Many reports have described the results of coronary surgery in patients with end-stage renal disease [1 -5] , but, there have been a limited number of studies reporting the outcome of patients with mild or moderate renal dysfunction not on dialysis [6 -9] . Yet, the proportion of patients with this clinical status is much higher than that of patients with dialysis-dependent renal failure, hence it is important to identify and characterise the risk in this subgroup of patients.
The first objective of this study was to evaluate the incidence of postoperative renal dysfunction (PRD) and analyse the pre and intraoperative risk factors for the development of this complication, and its impact on perioperative mortality and on hospital length of stay. The second objective was to evaluate the influence of a mildly increased creatinine serum level (1.3 -2.0 mg/dl) on perioperative mortality and morbidity.
Patients and methods

Patient selection
A total of 2445 patients who had no significant preexisting renal disease (creatinine # 2.0 mg/dl and without dialysis) and who underwent isolated coronary surgery under cardiopulmonary bypass between July 1996 and December 2001 were recruited to the study. The data of these patients were prospectively collected in a dedicated data-base.
The highest serum creatinine level within the 2 days preceding the operation was taken as the preoperative creatinine level, which was not normally distributed, with a median of 1.0 mg/dl and an interquartile range of 0.8 -1.1 mg/dl. The postoperative creatinine level was the highest in-hospital postoperative value and it was measured in all patients for a minimum of 2 days after peak values were reached to confirm that levels were decreasing.
The main outcome measure in this study was PRD, defined as a postoperative creatinine serum level $ 2.1 mg/dl plus an increase in the serum creatinine level $ 0.9 mg/dl from preoperative to maximum postoperative values (values rounded off to 0.1 mg/dl). The criteria for choosing these values were derived from the distribution of serum creatinine levels in an uncomplicated subset of patients. This subset excluded patients with a complicated perioperative course (in-hospital death, intra-aortic balloon pump or other mechanical assist device, use of inotropic drugs, reoperation for haemorrhage or sternal complications, respiratory failure, myocardial infarction, and prolonged hospital postoperative stay). Of the 2122 patients meeting these criteria only 5% had a maximum postoperative creatinine level $ 2.1 mg/dl and a maximum preoperative-to-postoperative change in creatinine level of 0.9 mg/dl or greater (Table 1) .
Clinical variables
The demographic variables studied as potential risk factors for PRD and considered for inclusion in all the multivariable analyses performed were: age, sex, height, weight, body mass index (weight divided by height square), and body surface area. The clinical and laboratory variables evaluated were cardiomegaly, cerebral vascular disease, peripheral vascular disease, chronic obstructive pulmonary disease, anemia, recent tobacco use, diabetes mellitus, history of hypertension, dislipidemia, unstable angina, angina class (Canadian Cardiovascular Society), prior heart surgery, recent myocardial infarction, serum creatinine level (mg/dl) and surgical priority (elective, urgent, emergent). Defenitions for variables are listed in Appendix A.
For risk analysis of PRD, the preoperative creatinine serum was dived into two groups: Group 1-values above the upper limit of our institution's normal range of 1.2 mg/dl but equal to or less than 1.6 mg/dl, defined as mild elevation; Group 2-elevation to 1.7 mg/dl or above, and defined as moderate elevation. Accordingly, 228 patients (9.3%) had a creatinine level of 1.3 -1.6 mg/dl, and 43 (1.8%) had a creatinine level of 1.7 -2.0 mg/dl. The remaining 2174 patients (89.0%) had preoperative serum creatinine levels of less than 1.3 mg/dl.
Operative mortality was defined as death within 30 days of the operation or during the same hospitalisation. An inhospital stay above the 90th percentile was defined as prolonged, equalling a postoperative stay of 10 days or greater. Low cardiac output syndrome (LCOS) was defined as the need for postoperative intra-aortic balloon pump and/or inotropic support, for any length of time, in the intensive care unit. Creatinine clearance was estimated from serum creatinine, age, weight and gender by the of Cockcroft and Gault's formula.
Surgical technique for CABG
Cardiopulmonary bypass was conducted with nonpulsatile flow and mild hypothermia (32 8C), and the systemic perfusion pressure was electively maintained at 55-65 mmHg. A left ventricular vent was always introduced through the right superior pulmonary vein and left atrium. All operations were performed under ventricular fibrillation without cardioplegia, a technique described in detail in previous reports [10, 11] . The mean number of grafts per patient was 2.8^0.8, and the mean cardiopulmonary bypass time was 61.3^20.1 min. A bloodless prime was used in more than 95% of the cases, whenever the preoperative haematocrit was greater than 35%, and blood was not administered unless it fell bellow 20 -22% during cardiopulmonary bypass. Collected mediastinal blood shed during the first 6 postoperative hours was reinfused manually.
Statistical analysis
Distributions and univariate measures of preoperative, postoperative, and preoperative-to-postoperative changes in serum creatinine values were examined. Models were analysed in a piece-wise fashion (separate models were developed for each preoperative and operative period from the significant unadjusted factors in each period). A final model with adjusted estimates was derived with factors that remained significant in the two-time-period models [12] . Operative variables were entered into the model in a forward stepwise fashion after adjustment for preoperative variables. The best-fitting models were selected from evaluation of the Hosmer -Lemeshow goodness-of-fit and Omnibus test statistic. The predictive ability of the models were also evaluated by the area under the curve of the receiving operating characteristic (ROC).
Results
Postoperative renal dysfunction
3.1.1. Incidence and risk analysis PRD, as defined above, occurred in 136 (5.6%) of the 2445 patients in our study, 15 of whom (11.0, 0.6% of all study patients) required haemodialysis.
The distribution of serum creatinine values in the 2122 patients with an uncomplicated postoperative course shows that there was an increase in the median of 0.3 mg/dl between the preoperative (1.0 mg/dl) and the maximum postoperative (1.3 mg/dl) values with a range of 11.4 mg/dl (20.7 to 10.4 mg/dl). Using the Cockcroft and Gault formula, this corresponds to a median reduction of 20 ml/min on the estimated creatinine clearance between preoperative (82 ml/min) and postoperative (62 ml/min) values. Table 2 shows the final model of risk factors for PRD. Patients with a preoperative creatinine level of 1.3-1.6 mg/dl were 5.5 times as likely ðP , 0:001Þ to develop PRD as patients with a preoperative creatinine level of less than 1.3 mg/dl, and patients with a preoperative creatinine level of 1.7 mg/dl or greater were 14 times as likely to have such a result ðP , 0:001Þ: The other preoperative variables identified by multivariable logistic regression to be independent predictors of PRD were increasing age (P ¼ 0:015; OR 1.3 per 10 years), and angina class III/IV (P ¼ 0:003; OR 1.7). Cardiopulmonary bypass time was the only operative variable identified-for each extra 10 min, the likelihood of PRD increased by a factor of 1.14 ðP ¼ 0:007Þ: The model utilised demonstrated a good calibration and discriminatory power (Hosmer-Lemeshow test: x 2 ¼ 11:58; df ¼ 8, P ¼ 0:171; mean ROC area of 0.75 (95% confidence interval ¼ 0.70-0.79)).
Mortality and postoperative hospital stay
Global 30-day mortality was 0.7, 8.8% for patients who experienced PRD vs. 0.1% for patients who did not ðP , 0:001Þ: The mortality rate was 5.8% (7 of 114 patients) in patients with renal dysfunction who did not require dialysis and 33.3% (5 of 15 patients) among those who required dialysis.
Occurrence of PRD increased the length of hospital stay by 3.4 days (7.6 vs. 11.0 days; P , 0:001) and patients who needed haemodialysis (11%) had a mean hospital stay of 16.0^12.8 days.
3.2. Influence of a mildly (1.3 -2.0 mg/dl) increased preoperative serum creatinine levels on mortality and morbidity
The influence of the preoperative creatinine serum values on mortality and morbidity (need for new renal function support-haemodialysis-, LCOS, cerebrovascular accident, delirium, reoperation for haemorrhage or for sternal complications, myocardial infarction, and prolonged hospital stay) was also analysed.
Of the 2445 patients in the study, 271 (11.1%) had a preoperative serum creatinine level equal to or greater than 1.3 mg/dl. A comparative univariate analysis of the preoperative and operative data of this patient group with that of the group of patients with a normal preoperative creatinine level ðn ¼ 2:174Þ; is shown in Table 3 .
By multivariable analysis, the mortality was 3.3 times ðP ¼ 0:031Þ higher if the preoperative creatinine level rose to 1.3 mg/dl or greater (because the number of events was low, it was not possible to subdivide into small groups). Other factors contributing to increased mortality were the presence of cerebrovascular disease (OR 4.4; P ¼ 0:025) and cardiomegaly (OR 3.5; P ¼ 0:023) ( Table 4) .
Of the 2445 patients in the study, 15 (0.6%) required postoperative haemodialysis. Comparing with patients with a normal preoperative creatinine level, those with a level of (Table 5 ). LCOS occurred in 171 patients (7.0%). Multivariate analysis showed that the group of patients with a higher preoperative creatinine level had a significantly increased risk of developing LCOS. The other factors that increased the likelihood of developing this syndrome are shown in Table 6 .
A postoperative stay of 10 days or longer was required in 194 patients (7.9%). By multivariable analysis, patients with a preoperative creatinine level of 1.3 mg/dl or greater had a nearly 2-fold likelihood of a prolonged postoperative hospital stay (OR 1.7; P ¼ 0:017). Other factors contributing to a prolonged hospital stay were increasing age (OR 1.035 per year; P ¼ 0:002), peripheral vascular disease (OR 1.7; P ¼ 0:020), angina class III/IV (OR 1.6; P ¼ 0:003), and use of double internal thoracic artery (OR 2.5; P , 0:001) ( Table 7 ).
The preoperative serum creatinine level was not found to be a significant predictor of cerebrovascular accident, delirium, reoperation for haemorrhage or for sternal complications, and myocardial infarction.
Discussion
Postoperative renal dysfunction: incidence, risk analysis and outcomes
The causes of renal dysfunction after coronary surgery are multifactorial and usually attributed to the use of cardiopulmonary bypass, cardiovascular compromise, or toxic insults to the kidneys. Non-pulsatile flow, renal hypoperfusion, hypothermia, and duration of CPB are also thought to have adverse effects on renal function. Hence, it is to be expected that during and/or after surgery, even if uncomplicated, one might find some deterioration of the renal function. In this study, which included 2122 patients with a preoperative creatinine serum level # 2.0 mg/dl and uncomplicated postoperative course, there was a mean increase of 0.3 mg/dl between preoperative (1.0 mg/dl) and maximum postoperative serum creatinine levels (1.3 mg/dl), and a reduction of 20 ml/min in the estimated creatinine clearance from pre (82 ml/min) to postoperative (62 ml/min) values. Similar results were reported by Ascione and Swaminathan and their associates [13, 14] who have shown a 20% reduction in creatinine clearance after coronary surgery with CPB.
The precise level at which preoperative subclinical renal dysfunction begins to adversely affect outcome is unknown. Some studies [6 -9] attempting to address this issue looked at the effect of elevations of preoperative serum creatinine levels varying from 1.5 to 2.5 mg/dl, and found a significant negative influence of these values on perioperative mortality and morbidity. However, the effect of a more borderline elevation of preoperative serum creatinine levels (1.3 -2.0 mg/dl), as we address in this study, has not been investigated in a large cohort multivariable model. The reported incidence of renal dysfunction after cardiac surgery is significantly influenced by the definition used in a given study. Most studies previously published used only absolute creatinine values, while others used widely differing change criteria; this yielded incidences of dysfunction ranging from 0.9 to 29% [15 -18,23] . As in the study by Mangano and associates [19] , we sought to overcome this limitation by deriving the criteria for dysfunction from the distribution of serum creatinine values in an uncomplicated subset of patients and by defining PRD on the basis of an absolute creatinine value ($ 2.1 mg/dl) coupled with a relative change in creatinine level ($ 0.9 mg/dl) between the preoperative and the postoperative periods.
By multivariate analysis of the putative risk factors for the development of PRD in association with coronary surgery, we have identified higher preoperative serum creatinine levels as the strongest factor. When compared to preoperative creatinine levels of less than 1.3 mg/dl, levels of 1.3 -1.6 mg/dl and of 1.7 mg/dl or greater increased the likelihood of developing PRD by 5.5 and 14 times, respectively. These results are in accordance with those previously reported by others [6 -8,20 -24] and confirm a significant influence of even minor elevations of preoperative creatinine serum levels on postoperative renal function. Because they probably have a greater proportion of functionally borderline glomeruli, patients with higher preoperative serum creatinine levels, are potentially more susceptible to deterioration of their renal function when exposed to a perioperative insult. The probability of developing PRD was also seen to be significantly greater in older patients, those with more advanced angina class and with increased cardiopulmonary bypass times. These risk variables have also been identified by other groups [19, 22, 23, 25] .
In the present study, the mortality rate of patients with PRD was significantly higher than in patients without PRD (8.8 vs. 0.1%). Additionally, we report a markedly increased mortality rate among patients with PRD who required dialysis (33.3 vs. 5.8%). These results are in accordance with others previously reported which also confirm the negative impact of PRD, especially among those who required dialysis, on perioperative mortality [1 -5,18,19, 26] . In addition, as it was also reported by others [9, 19, 21] , this study showed that PRD increased significantly the length of hospital stay (7.6 vs. 11.0 days), even more prolonged in patients who needed haemodialysis (16.0 days).
4.2.
Influence of a mildly increased (1.3 -2.0 mg/dl) preoperative serum creatinine levels on mortality and morbidity
The current study highlighted a pronounced impact of the preoperative creatinine values on mortality, by showing that the effect is significant even at mild elevations of the preoperative serum creatinine values. The perioperative mortality was significantly increased (3.3 times) in the group of patients with a mildly increased (1.3 -2.0 mg/dl) preoperative creatinine serum level. Further differences could be demonstrated for different levels within this range.
Patients with creatinine levels of 1.3 -1.6 mg/dl and . 1.6 mg/dl had a perioperative mortality of 1.8 and 2.9%, respectively (Fig. 1) .
The VA Cooperative Study database demonstrated that patients with a preoperative serum creatinine level of 1.5 -3 mg/dl had increased 30-day mortality after coronary surgery [26] . In a recent study, Weerasinghe et al. [8] also found a significant increase in the in-hospital mortality in patients with creatinine values $ 1.5 mg/dl.
We have also uncovered that a mild preoperative creatinine elevation was an independent risk factor for some morbidity events. Comparing with patients with a normal preoperative creatinine level, those with a level of 1.3 mg/dl or greater had a 4.5-fold increased risk of necessitating postoperative haemodialysis, had an almost 2-fold increased risk of developing LCOS, and a 2-fold increased likelihood of a prolonged hospital stay.
Study limitations
We have studied an unselected cohort of CABG patients that enabled the documentation of 136 cases of PRD and allowed the creation of a statistically powerful regression model to identify pre and intraoperative predictors of PRD in patients subjected to isolated coronary surgery. However, the present study has limitations that include those inherent to any retrospective analysis, even when data were colleted prospectively, as was the case. Another weakness of this study is related to the method used for detection of renal dysfunction. Serum creatinine was chosen because of the simplicity of measurement. Ideally, creatinine clearance, a well-established indicator of glomerular filtration rate, should be measured to assess renal function, since serum creatinine levels are influenced by body surface area and body water mass. But creatinine clearance is not routinely measured in our patients subjected to elective CABG.
Conclusion
PRD, which occurred in 5.6% of the 2445 patients subjected to isolated CABG, proved to be an important complication, carrying a significant morbidity and a mortality of 8.8%. Four preoperative and operative risk factors for PRD were identified: age, angina class III/IV, creatinine serum level and cardiopulmonary bypass time. Among these, elevations in preoperative serum creatinine levels were the stronger risk factors for PRD. Identification of the risk factors for PRD may constitute valuable information for preoperative risk stratification and to facilitate patient selection and/or optimisation. This study also confirms that the morbidity and mortality are increased in coronary surgery patients with a slightly elevation of the preoperative serum creatinine level.
